This paper provides an analysis of the benefits of passive cooling for High Concentrator Photovoltaic (HCPV) systems in terms of costs and kWh annual energy yields. For the first time, the performance of the heat sinks has been related to the calculated energy yield of a standard triple-junction GaInP/GaAs/ Ge HCPV cell in a system deployed at several suitable locations across the globe. Copper and aluminium heat sinks have been considered and their merits have been compared. The finite element analysis software package COMSOL was employed to gain insights regarding a simple flat plate heat sink. The cell temperature was found to have a linear dependence on the geometric concentration with a characteristic slope that increases with cell size (ranging from 10 to 0.25 mm). The results show the advantages of miniaturisation, and that the cooling of smaller cells can be accomplished using flat heat sinks. Within the considered range of geometric concentration ratios (up to 1000 Â), aluminium heat sinks are, in general, found to be preferred over copper, because of their lower densities and costs for the same thermal management. Closed-form thermal models based on the Least-Material (LM) approach have been utilised to design more complex finned heat sinks (operated under natural convection) that yield the best compromise between thermal performance and weight. For a 60°C cell operating temperature, a greater kWh output is obtained, but an LM heat sink designed for a cell temperature of 80°C has a material cost per unit energy that is between 50% and 70% less than the one designed for 60°C. Heat sink costs between $0.1 and 0.9 per W p were estimated for a geometric concentration above 500 suns, depending on the cell's temperature and size. There are strong reductions in HCPV installation costs by limiting the dimensions of the cooling system at high concentrations.
Introduction
High Concentrator Photovoltaic (HCPV) systems use lenses or mirrors to concentrate sunlight by more than three hundred times on a solar cell [1, 2] . For HCPV systems, the employment of highefficiency multijunction (MJ) cells becomes more convenient than using large area traditional silicon cells [3] . Impressive progress has been recently reported with regard to MJ cells, which have achieved record-efficiencies up to 46% [4] . Despite this development, the largest part of the incoming solar energy is still converted into heat, which can lead to an increase in cell temperature [5, 6] . Any photovoltaic cell is negatively affected by the increase of temperature and this becomes a non-negligible concern in HCPV systems, due to the high current densities and heat fluxes experienced [7] . Therefore, HCPV systems are generally coupled to a cooling system, able to remove the heat generated by the cell and to transfer it to an external medium. In order to keep the HCPV cells at temperatures ranging between 50°C and 80°C [8, 9] , different cooling systems have been proposed and explored experimentally in the past [10] [11] [12] [13] . The present work focuses on passive cooling systems, as those solutions do not require any electrical or mechanical energy input to operate. Passive cooling technologies have been proved able to successfully handle the thermal management of single cell HCPV modules at high and ultra-high concentrations [13] [14] [15] [16] [17] , thanks to the large surface available for heat transfer.
HCPV modules are typically placed on trackers. Since they use only the direct component of the sunlight, they have to follow the Contents lists available at ScienceDirect Sun's apparent motion in order to keep the direct component of sunlight focused on the cells [18] . This said, limiting the weight of the tracked components becomes particularly important in order to reduce the load on the tracker and thus its energy consumption and its volume. Along with the intrinsic weight of the system, the tracker is required to withstand wind forces, whose torque effect increases with the weight of the solar modules and the supporting structure [19] . Misalignments between the optics and the cells, caused by the actions of wind on the trackers, can strongly affect the energy production [20] . So, in addition to the lower energy consumption, a reduced weight of the module would allow reducing the cost of fabrication of the tracker, since less material would be required to support lighter structures. Heat sinks are generally made of aluminium, which can represent more than 60% of the weight of an HCPV system [21] . Therefore, the best compromise between the weight and the performance of the heat sink has to be realized in order to limit the load on the tracker and, at the same time, to enhance the electrical output of the HCPV system. Moreover, the contribution of the heat sink to the cost of the energy cannot be neglected [22] . Recent studies [23, 24] concluded that HCPV can already be more profitable than standard flat PV in high Direct Normal Irradiance (DNI) regions. Additional reductions in cost have to be achieved in order to further improve the cost competitiveness of HCPV. Optimised, light-weight passive heat sinks can positively affect the cost of HCPV by reducing the volumes of the materials, minimising the energy consumption of the tracker and enhancing the electrical performance of the cells.
One of the most common passive cooling solutions in HCPV is the use of a metal plate heat sink. Araki et al. [15] first demonstrated the possibility of cooling a 500x cell by using an aluminium plate. Min et al. [25] proposed a model to predict the behaviour of a single 3 mm Â 3 mm cell by taking into account a fixed heat transfer coefficient of 5 W/m 2 . Renzi et al. [26] studied the outdoor performance of a 5.5 mm Â 5.5 mm cell under a geometric concentration of 476 Â . The authors found that the aluminium plate reached a temperature between 55°C and 65°C, but no information on the cell temperature was given. Gualdi et al. [27] showed that flat plates can keep cells with dimensions smaller than 4 mm below a temperature of 80°C. The use of fins is considered the easiest way to enhance the heat transfer between a surface and a surrounding fluid [28] . Fins are widely used in several fields where cooling is required [29] , from electronics to industrial applications. The use of fins has been investigated for CPV applications [30] [31] [32] . Natarajan and his collaborators [30] showed that fins are a more effective way to reduce the solar cell temperature than a flat back plate and identified the optimum fin dimensions for a 10 Â CPV system. Do et al. [31] experimentally investigated the behaviour of passive finned heat sinks for different tilt angles. proposed a methodology to determine the heat transfer coefficient of a natural convective heat sink depending on the inclination angle and the fin spacing. Micheli et al. [32] demonstrated that micro-finned arrays could find an application for passive cooling of HCPV systems and commented on the benefits in terms of thermal performance and material usage that could be achieved. None of the previous works has investigated the thermal management of HCPV for different cell sizes and concentrations. The aim of the present paper is to provide an analysis of the benefits of passive cooling in HCPV in terms of costs and energy yields. The potentials and the limits of natural convective finned heat sinks are investigated and discussed. Different heat sink materials have been considered and their performance and weights have been compared and discussed. The present work has taken into account different cell sizes in order to analyse the effect of the miniaturization of the cells on the HCPV heat waste management. For the first time, the performance of the heat sinks has been related to the energy yield of an HCPV cell to give to system designers a useful metric for the development of future systems.
Materials and methods

Geometry of the heat sinks
In this work, a compact HCPV module has been considered, where the optics focus the sunlight on a single multijunction cell. An HCPV module is generally made of the optics, the cells, the bypass diode, the current extraction mechanisms and the natural convective finned heat sink [33] . The module is then usually mounted on a tracking system that keep the concentrated sunlight focused on the cell and the cell perpendicular to the beam in order to maximise the electrical performance. The straight fin geometry, represented in Fig. 1 , has been considered in this work, because of its simple manufacturing and the large knowledge base available. The heat sinks investigated here have been designed using the Least-Material (LM) approach [34] , a procedure to develop thermally optimized and low-volume heat sinks. Air is the cheapest, most available and common cooling fluid for HCPV systems [7] and has therefore been considered in the present investigation.
Heat sink design and modelling methods
Bar-Cohen et al. [34] proposed the LM approach, a model to design natural convective heat sinks with the best compromise between thermal performance and weight. The optimal spacing (s opt ) between the fins of an LM heat sink is expressed as [34] :
where ν is the mean kinematic viscosity of air, g is the gravitational acceleration, β is the thermal expansion coefficient of air, η fin is the fin efficiency, θ b is the difference of temperature between the heat sink and the ambient, and Pr is the Prandtl number. In this analysis, all the coefficients have been calculated at the average temperature between the fins and the ambient values, with the exception of the air's thermal expansion which was evaluated at ambient temperature [35] . As described in the paper presented by Bar-Cohen et al. [34] for the LM approach, the fin efficiency has to be set as 0.626 and the fin thickness (t opt ) is equal to the optimal fin spacing. The fin efficiency expresses the ratio of the heat effectively transferred by the fin to the maximum heat that would be transferred if the fin surface was at the temperature of the base [28] . The number of fins (n fin ) is then given by:
Because the number of fins needs to be an integer, the value obtained is rounded up. For this reason, the value of the fin thickness is adjusted to make the fins fit on the base:
The correlations reported by Bar-Cohen et al. [34] are valid for vertically orientated heat sinks, which facilitate the natural convective heat transfer between the fins and the ambient temperature. On the other hand, the downward orientation is the least effective orientation for heat sinks operating under natural convection conditions [36] . Despite that, in some cases, a downward facing orientation might be required due to the HCPV system's design. This is the case for HCPV, where, in some configurations [7] , the heat sink is likely to be facing downward during the central hours of the day when the irradiance, and thus the waste heat produced by the cell, as well as the ambient temperature are at maximum. In order to predict the thermal performance of horizontal heat sinks, the LM approach has been integrated with the equations presented by Do et al. [31] , where the experimental correlations between the orientation and the heat transfer coefficient of tilted heat sinks have been presented.
As shown by Bar-Cohen and his colleagues [34] , the optimal fin height generally falls in an impractical range of values, out of the manufacturing technology possibility. Extruded fins generally achieve spacing ratios lower than 10 [37] . The spacing ratios have been limited in the present work as well. In particular, the optimal fin height (H opt ) has been designed to fall within the limits imposed by Do et al. [31] , in order to be able to use their model for the present analysis. Their validated experimental correlations give:
In the present conservative approach, the heat sink is designed to operate even for the condition of no wind. That makes the transfer of heat more challenging: wind has a positive cooling effect on the CPV modules [20] . The LM approach [34] takes into account the convective heat transfer only. In real world applications, instead, it has been demonstrated that the effects of radiation should not be neglected, as it generally accounts for more than the 20% of the heat dissipated under natural convection conditions [38] . For this reason, the contribution of the radiative heat exchange from the fins has been introduced into the model using the Stefan-Boltzmann equation [28] :
where ε is the emissivity of the heat sink material, σ is the
, A i is the area of the correspondent i-surface of the fins, F i,j are the view factors between the surfaces i and j and T surr is the temperature of the surrounding fluid. In accordance with previous literature [38] , the surrounding medium is considered to be a large black body: so that, T surr ¼T amb . The view factors have been calculated according to the procedure suggested by Kulkarni and Das [39] and using the equations reported elsewhere [35] .
The thermal models used in this work are already present in literature [31, 34] . In order to prove their applicability in an HCPV environment, the results of the present investigation have been compared with the data available in literature for validation purposes. In addition, the multiphysics software package COMSOL 4.4 has been used for the thermal analysis. It exploits well-known heat transfer coefficient correlations defined in the literature [28] . Horizontal orientation in the absence of wind has been used as the geometric and ambient conditions in the model. In order to validate the assumptions made to conduct the present investigation, the setup used by Wang et al. [40] , where a 23% efficient 476 Â single cell module was investigated experimentally in zero wind conditions, has been modelled. Out of a measured reference temperature of 49°C, the model developed for the present investigation predicted a cell temperature of 52°C.
Materials and fabrication processes for HCPV heat sinks
Two different materials have been considered for the fabrication of the heat sinks [10] where k is the thermal conductivity and ρ the density. The costs per unit mass of aluminium and copper reported in December 2015 by the London Metal Exchange have been used in the analysis [43] . The non-negligible contribution of radiation for a natural convective heat sink has already been demonstrated [38] . Therefore, heat sink manufacturers usually use (or apply) high-emissivity finishings or coatings in order to improve the contribution of radiative transfer in a natural convection environment. In this study, a highemissivity finish has been taken into account for both materials in order to be able to present a consistent comparison between them. An anodised surface has been considered for aluminium, giving it an emissivity of ε¼0.84 [41] . The copper surface can be covered by a black oxide layer able to increase the emissivity up to ε¼0.78 [44] . Depending on the application, different finishes and coatings can be applied, varying the overall contribution of radiation.
The most common heat sink fabrication techniques are listed in Table 1 . They are generally chosen on the basis of the application and are generally classified according to:
The spacing ratio [34] , which express the ratio of the fin height to the fin spacing (H/s).
The cost, which includes the capital investment and the production expenses. It may differ depending on the production volume: high capital investment techniques, such as die-casting, become beneficial only for large-volume productions.
The main properties of each process are listed in Table 2 . Additional manufacturing method characteristics can be taken into account, such as the fin geometry limitations, which vary among the different techniques. Extruded fin heat sinks are the most commonly employed and, for the scope of the present research, are considered in this work. In some circumstances, machined heat sinks have been taken into account as well. So, a comparison between the cost of Al and Cu heat sinks and an analysis of the wasted material could then be carried out.
A common geometry of an HCPV receiver is shown in Fig. 2 , the typical materials and their properties are listed in Table 3 . Standard triple-junction GaInP/GaAs/Ge cells have been considered. It is generally accepted to model the cell as a single block of germanium [17, 48] . The top and middle subcells are much thinner than the bottom and therefore it has already been demonstrated that they would not affect the thermal model [49] . The cell is considered to have a fixed efficiency (η cell ) of 40% and different sizes have been taken into account: 10 mm Â 10 mm, 3 mm Â 3 mm and 0.25 mm Â 0.25 mm. When not specified, the 3 mm Â 3 mm cell has been considered, since it is among the smallest cells commercially available nowadays. Each cell is mounted on a Direct Bonded Copper (DBC) substrate through a lead-free SnAgCu solder. The DBC is then bonded to the substrate using a standard thermal interface material. The thicknesses of the receiver layers, specified in Table 3 , have been selected after a survey conducted among Table 1 Heat sink manufacturing method's description, adapted from [37, 45, 46] .
Process Description Materials
Extrusion The metal is shaped by pushing it through an extrusion die. Al Die-casting
The molten metal is injected under high pressure into a mould.
Al, Zn-Alloy Stamping
The metal is shaped by being pressed to a metal stamping die.
Al, Cu Bonding
The fins are bonded to the base by thermal epoxy, brazing or soldering. Al, Cu, Mg Folding A metal sheet is folded into a serpentine fin array and attached to the base by soldering or brazing.
Al, Cu Forging
The material is forced into a moulding die by a punch. Al, Cu Skiving
Fins are sliced using a special machine and are bent at the base to form slender curved fins.
Al, Cu Machining
Fins obtained by material removal, generally using a computer numerical control (CNC) machine. Al, Cu, Mg different suppliers and according to available references [7, 41] . They have been kept constant, independent of the investigated cell dimensions.
Heat sink design
The heat sink temperature
Eq. (1) requires an input θ b , which expresses the difference between the heat sink temperature (T HS ) and the ambient (T amb ). In accordance to the Concentrator Standard Operating Conditions (CSOC) [50] used in this work, a DNI of 900 W/m 2 and an ambient temperature of 20°C have been considered. T HS can then be calculated via the equation of the heat transfer in solids [51] , by imposing a fixed temperature on the cell (T cell ). Considering the heat flux moving from the cell to the heat sink, the temperature of the heat sink (T HS ) can then be calculated as [7] :
where T cell is the cell temperature, Q cell is the waste heat produced by the cell, the term A corresponds to the thermal exchanging surface area and k is the thermal conductivity of the material. This way, T HS expresses the maximum heat sink temperature to keep the cell at T cell . Two cell operating temperatures have been considered in the present work: 60°C and 80°C. These values fall within the optimal range of temperature recommended for HCPV cells [8, 9] . Cell suppliers generally advise users to keep the cell at temperatures lower than 100°C-120°C [52] [53] [54] . However, a recent study has shown that keeping operating temperature higher than 80°C can dramatically affect the durability of the cells, thereby deteriorating their reliability [55] . For this reason, the range of temperatures considered in this work has been limited to a maximum temperature of 80°C under CSOC conditions. The heat produced by the cell is mainly transferred by conduction to the heat sink [56] , which then dissipates to the ambient by two mechanisms: radiation and convection [7] . Taking into account the following assumptions [16] : all the heat generated by the cell reaches the heat sink, both surfaces of the flat plate exchange heat with the ambient environment, a view factor of 1, an ambient temperature of 20°C, it is possible to calculate the minimum area (A HS ) a flat heat sink (without fins) would require to remove all the heat produced by the cell (Q cell ) under conditions of natural convection [16] as,
where h c is the heat transfer coefficient, which, at this stage, is set equal to 5 W/m 2 K [57] . The temperatures of the heat sinks for a 500 Â HCPV application, estimated with Eq. (6), are reported in Table 4 , along with the parameters for a flat heat sink, calculated from Eq. (7). Considering the same cell temperature, the heat sinks made of Al and Cu achieve similar temperatures and require similar dimensions to handle the heat production. As shown in Table 4 though, despite the negligible difference in surface extension, the flat Cu heat sinks would weight much more than the Al ones, because of the strong difference in density between the materials. This difference is then enhanced when the cost is considered: it is almost one order of magnitude larger for copper, affected by both the highest density and the highest cost per unit of mass. Table 2 Heat sink manufacturing methods, characteristics and costs adapted from [37, [45] [46] [47] . The cost refers to a large-volume production (generally 45000 units per production run).
Process Properties Spacing ratio Cost
Extrusion
The most common process. Low cost. Low aspect ratios. 3 shows the temperatures the heat sinks have to maintain in order to keep the HCPV cell at 80°C for different concentrations. In accordance with the previous results, the temperature of aluminium is found to be lower. This is due to the lower thermal conductivity of aluminium compared to copper. Considering the same dimensions, the heat transferred by conduction (q k ) is proportional to the temperature difference and to the thermal conductivity of the material (k):
where A k is the cross-section normal to the direction of the heat flux and l is the distance between the heat source and the heat sink. Therefore, in order to transfer the same amount of heat from the cell to the heat sink, the lower-conductive aluminium requires a bigger difference of temperature than the higher-conductive copper heat sink.
Flat heat sink
The most simple approach to handle the heat management of an HCPV system is a flat heat sink [15] . Ideally, in these cases, a surface as large as the concentrating optics is available for cooling. In order to analyse the thermal behaviour of a flat heat sink under different HCPV conditions, a thermal model has been developed using the "Heat transfer" module of COMSOL Multiphysics 4.4. The geometry of the receiver has been modelled as shown in Fig. 4 .
Three proprieties for each material have been introduced as required by the software package (Table 5) : the thermal conductivity, the density, and the heat capacity at constant pressure.
The solder paste and the thermal interface material have been reproduced as thin thermally resistive layers: for this function, COMSOL required as an input the thickness and the thermal conductivity only (Table 6 ).
The cell is set as a heat source, with a waste heat production equal to [58] :
where C geo is the geometric concentration of the system, n opt is the optical efficiency of the concentrator and A cell is the active area of the cell. Radiative and convective heat fluxes are applied to both the upward and downward surfaces of the receiver. The heat transfer coefficient is defined as follows [28] : where k is the thermal conductivity of the surface, L* is the characteristic length, defined as the ratio between the area and the perimeter, and Ra L is the Rayleigh number. It is expressed as:
where g is the gravitational acceleration, β is the thermal expansion coefficient, α is the thermal diffusivity and ν is the mean kinematic viscosity of air. In addition, the same surface is set to exchange heat with the ambient by radiation as well. As shown in Fig. 5 , COMSOL gives as an output the temperature distribution across the receiver, the maximum temperature shown in the figures is that achieved by the cell. A large temperature drop is developed between the cell and the heat sink; this is due to the low thermal conductivities of the cell and the solder layer, reported in Table 3 . These layers act as thermal resistances that limit the heat flow from the cell to the heat sink and, therefore, increase the temperature difference between them. The investigation has been conducted by taking into account different cell dimensions, different heat sink materials (Al or Cu) and different concentration factors. The maximum temperatures achieved by the cells have been recorded, and the results are resumed in Fig. 6 . The cell temperature has a linear dependence on the concentration when a flat heat sink as large as the primary concentrator optics entrance aperture is used. The slope of the temperature characteristic varies with the cell sizes. The results show that the cooling of smaller cells can be easily handled by a flat heat sink. This means that the miniaturization of the cell is a positive initiative to consider in terms of HCPV cooling. By instead increasing the concentration and the cell size the thermal management is found to be more difficult and the temperature is found to increase. The use of a finned heat sink is expected to introduce a benefit to the system, with a reduction in cell temperature. The results show that aluminium heat sinks seem to be more affected by increased concentrations, when the largest cell is considered, as highlighted by the slope of the curve for a 10 mm cell in Fig. 6 . By analysing the temperature gradient on the flat plate, shown in Fig. 7 , it can be seen that the copper plate has a more uniform temperature distribution, due to the better thermal conductivity of copper compared to aluminium. This is because for large cells and high concentrations, the Cu plate provides better thermal management than one made of Al; the heat is more uniformly distributed across the surface of a copper plate than for an aluminium one. This advantage is minimised by the utilisation of smaller cells, Table 3 Structure of the receiver, adapted from [7] . whose flat plate heat sinks have lower thermal gradients due to the smaller dimensions. So, within the considered range of concentrations, the heat sinks made of the two different materials are found to have similar thermal performance.
Any HCPV heat sink is expected to handle the thermal management of the cell even in case of the failure of the DC/AC inverter. Under these or analogous worst-case conditions, all the sunlight striking on the cell is converted into heat since the concentrator system is at open circuit. In these circumstances, the concentrator cells must withstand temperatures higher than those for normal operating conditions. The temperatures should be limited to avoid damage to the receiver's components. In order to widen the investigation on the reliability of flat plate heat sinks, the same COMSOL model has been used to predict the thermal behaviour of HCPV receivers under these worst-case conditions. Conditions of 900 W/m 2 DNI, 85% optical efficiency, no power output by the cell, and 20°C ambient temperature have been considered. The results of a detailed analysis are summarised in Fig. 8 and confirm the previous findings: the two materials have similar heat dissipation abilities. Large cells under high concentrations reach dangerous temperatures, whereas the micro-cells show reasonable temperatures for open circuit and normal operating conditions, confirming that the miniaturization of the cells can lead to a simplification of the cooling systems. Depending on the cell size and the concentration, a rise in cell temperature between 10 and 40°C occurs when the system goes from operating to worst case conditions. In the present investigation, a fixed plate thickness of 5 mm has been considered. Thinner plates could have been selected and can be utilized for small cell dimensions, in order to reduce the cost and the weight of the HCPV system. On the other hand, thinner plates would have changed the resulting thermal performance. In this work, in order to get a better comparison among the thermal behaviours of analogous systems with different cell sizes, the thickness of the heat sinks have not been modified. In this way, the benefits that the miniaturization of the cells can provide to the thermal management of HCPV can be clearly shown. Similarly, different input values could have been considered. All the assumptions made in this work take into account a general HCPV system and are used to carry out a comparative study among different materials, cells sizes and concentrations. They can be changed in order to model any specific system or location.
The temperature of the cell relies not only on the concentration and on the cell size, but on many different factors, such as the irradiance or the ambient conditions [59] . The values reported in the figures take into account standard operating conditions, which could be different from the actual conditions [60] . For example, in case of higher ambient temperatures and lower efficiencies, the cell temperatures are expected to increase significantly. So, a flat surface might not be sufficient to keep the cell within the recommended range of 50-80°C. In different circumstances, lower cell temperatures than those achieved by flat heat sink might be desirable. In these cases, the application of a finned heat sink can improve passive thermal management, even if the weight of the system is increased. In light of maximising the electrical performance of the HCPV system, it is important to understand the relationship between the cost and the performance of heat sink, as well as those between the design of the heat sink and the energy yield of HCPV systems, these aspects are investigated in the following sections.
Finned heat sink design
We explored the design of finned heat sinks using the LM approach. A concentration range between 100 and 1000 Â has been considered, with a step of 50 Â between each analysis. Each heat sink has been designed taking into account the heat generated by a 40% efficient multi-junction cell and the temperature differences obtained previously (Fig. 3) . Copper and aluminium have been considered and two nominal cell temperatures of 60°C and 80°C have been modelled. Fig. 9 shows the volume of the finned It is clear to see that the dependence versus volume is not always smooth when the concentration ratio increases. This is due to the fact that the LM approach has been developed to optimise the performance of the convective heat transfer, neglecting the contribution of radiation. In the present investigation, instead, the combined convective and radiative transfers are modelled. The view factors used to calculate the radiative heat transfer are strongly dependent on the geometry of the fins [35] . The most dramatic changes in the increase of volume take place when the number of fins increases, as highlighted in Fig. 10 . An improvement in the model would bring to an optimisation of the combined contribution of energy dissipated by radiation and convection, and would thus lead to smoother behaviour. Although recommended, this initiative is beyond the scope of this work.
It is interesting to highlight that, taking into account the weight instead of the volume (Fig. 11) , the difference between the two materials is more pronounced, driven by the lower density of the aluminium. Aluminium heat sinks are found to have consistently lower weight than the copper ones. The best performance in terms of weight makes aluminium the best candidate for the manufacturing of heat sinks for cooling of HCPV cells, where the weight has a strong effect on the electrical performance of the system and, as we shall see, its cost per unit of energy production.
Cost analysis
Designers have to take into account two main parameters when designing the heat sink for an HCPV system: the cost and the effects on the system performance. The ideal goal is minimizing the costs and, at the same time, maximizing the system performance. In light of this, in the present section, the costs of the LM heat sinks are discussed. It was considered that the heat sinks were fabricated using the same processes as in the previous sections. Therefore, when comparing the costs of different heat sinks, the tooling, installation and manufacturing costs have not been considered. Only the material costs were accounted for, as reported in Section 2.3.
Costs vs. materials
The costs of the heat sinks previously presented are reported in Fig. 12. As expected, the aluminium heat sinks have been found to be less expensive than the copper ones, despite the lower thermal conductivity, because of the lower cost of the material, the lower volumes and the thermal performance compared to those of the copper heat sinks. These results support the use of aluminium heat sinks for HCPV applications.
Machining is one of the processes that allow the production of both copper and aluminium heat sinks. In this process fins are obtained by removing the excess materials. So, initially, a block of material as large as the heat sink base plate and as high as the whole heat sink has to be used. Therefore, the cost of the material is not directly related to the volume of the heat sink, but depends on the height and the length of the fins. The cost of the machined heat sink (c macHS ) can be calculated as:
where ρ is the density of the material and c m is the cost per unit of mass. Fig. 13 shows the difference in price between extruded and machined heat sinks made of aluminium. As expected, the machined heat sinks prices are higher than those found previously (see Fig. 12 ). A drop between 30% and 40% in cost is found when extrusion is employed compared to machining. Heat sink machining is subject to a waste of the excess material, which can be avoided by using other techniques shown in Table 1 and Table 2 . For this reason, the use of extruded fins is generally preferred for mass production. This analysis did not take into account the fabrication costs, which are strongly influenced by the volume of heat sink produced, due to the high investment costs (e.g., in capital equipment) required by extrusion.
Costs vs. cell size
In order to analyse the effects of the cell size on the costs of the heat sink, only extruded aluminium fins have been further considered, due to the findings in the previous section that they should be preferred compared to those of copper. The results reported in the following figures have been obtained using the same methodology described before. As previously shown in Fig. 6 , a cell size of 0.25 mm Â 0.25 mm does not need a finned heat sink to be cooled to reasonable temperatures, and therefore has not been considered in the present investigation. Fig. 14 shows the difference in costs for an extruded aluminium heat sink for two different sized cells at two temperatures. The costs of the heat sinks range between $0.03 and 0.9 per W p depending on the cell size and the concentration. It is apparent that using smaller cells gives a strong benefit in terms of heat sink's mass and cost reductions. This result is confirmed in Fig. 15 , where the costs per unit of installed peak power are reported. It is clearly shown that the cost per W p of the heat sink increases with concentration ratio and cell size. Reducing the cell size from 10 mm to 3 mm can lead to a drop in price per unit of power up to 40% at high concentrations. In light of this, the development of new ultrahigh concentration systems [61, 62] strengthens the necessity of reducing the cell size in order to minimise the difficulties in the thermal management of the cells utilized. The miniaturization of the cell becomes particularly important when the CPV cost competiveness is taken into account. Indeed, as shown in Fig. 15 , reducing the cost of the heat sink is an essential action to meet the cost per unit of power targeted by Ref. [63] and Ref. [3] , for 2020 and 2030 respectively.
Horowitz et al. [22] considered a 25 mm 2 sized cell in a 30%
efficient module under a 1000 Â concentration and an optical efficiency between 0.80 and 0.85. The authors reported that, a passive aluminium heat sink would cost $0.6-0.7 per W p . By taking into account the same conditions (1000 W/m 2 DNI and an aluminium cost of $2.2/kg), it has been found that the LM heat sink would cost between $0.5 and 0.8 per W p depending on the cell temperature.
Heat sink costs vs. energy yield
In the previous sections, two cell working temperatures have been considered, 60°C and 80°C. Under real conditions, the lower cell operating temperature leads to a better energetic performance. However, this reduction in temperature has to be carefully planned to limit the costs of the heat sinks. For this reason, the energy yield for the four scenarios considered in Table 7 for two cells with different dimensions has been investigated. These scenarios (A-D) take into account two concentrations: 500 Â and 1000 Â , and two nominal cell temperatures, 60°C and 80°C. The nominal temperature is the temperature that the cell would achieve under the reference conditions (DNI of 900 W/m 2 , optical efficiency of 85%, cell efficiency of 40%, and air temperature of 20°C). This temperature has been used to calculate the thermal resistance, as well of the cost of the aluminium heat sink in each scenario for the two cell sizes also shown in Table 7 . The energy harvested for the four scenarios and the two cell sizes is estimated for the following three worldwide locations: Table 8 lists the annual average values of the main weather variables involved in the estimation of the energy yield at each location in order to show their climate characteristics.
The modelling techniques used to estimate the energy yield have been taken from the procedures previously discussed and experimentally validated in the literature [6, 64] . The method described below, based on Eq. (15), has shown a root mean square error (RMSE) of around 3.5% and a mean bias error (MBE) of around À 1.3% between actual and predicted data. The electrical power output of the MJ solar cell under optical concentrated sunlight has been estimated as:
where DNI is the input direct normal irradiance, A cell the cell area, η opt the optical efficiency, C geo the geometric concentration of the system (X¼η opt Á C geo ), η cell the efficiency of the cell at the operating concentration, TF the thermal factor and SF the spectral factor. TF quantifies the effect of the cell operating temperature on power as [9, 65] :
where γ is the maximum power temperature coefficient at the operating concentration (see Table 9 for the temperature coefficients), T cell is the actual cell temperature and T cell * is the cell temperature under standard test conditions (T cell * ¼ 25°C). At the same time, the strong spectral dependence of HCPV devices has been estimated through SF as [66] :
where the i-index represents the junction considered of the MJ solar cell, E b (λ) is the incident direct normal spectral distribution,
is the direct reference spectrum, η opt (λ) is the spectral optical efficiency of the concentrator and SR(λ) is the spectral response of the i-junction of the MJ solar cell [6] . The amount and spectral distribution of the direct normal incidence (DNI) irradiance has been computed using the Simple Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS) [68] . The air mass (AM) has been calculated as a function of the Sun's position [69] , while the rest of the input parameters required by the SMARTS model (i.e. Aerosol optical depth at 550 nm, wavelength exponent and precipitable water) have been taken from the Aerosol Robotic Network (AERONET) data base [70] . The cell temperature has been calculated as [59, 71] :
where T amb is the ambient temperature and R the thermal resistance (see Table 7 for the thermal resistances for each cell size and concentration ratio). The values of Q cell are estimated from the values of DNI previously obtained using Eq. (9) . The time series for the air temperature have been generated from the maximum, minimum and average values obtained from a NASA data source [72] using the Erbs model [73, 74] . Finally, the maximum power has been estimated every ten minutes for the whole year as a function of the simulated values of DNI, TF and SF. Thus, the annual energy harvested can be estimated as:
Fig . 16 shows an example of the evolution of the simulated input parameters used to estimate the energy yield for a summer day at the Granada site. A similar behaviour is found during the whole year for the three locations under study. The DNI is minimum at sunrise and sunset, and maximum at midday. On the other hand, the spectral losses are minimum at midday, and maximum at sunrise and sunset. Regarding the cell temperature losses, they are maximum at midday, and minimum at sunrise and sunset. This behaviour is dominated by the daily profile of DNI. It is important to remark that the difference in the impact of cell temperature between the systems designed for a nominal cell temperature of 80°C and the systems designed for 60°C changes during the course of the day. Moreover, this difference tends to grow with the increase in DNI. This can be explained by considering the dependence of the cell operating temperature of the systems with the irradiance, as given in Eq. (18) , and their different thermal resistances, as given in Table 7 .
The results obtained for the four scenarios considered are presented in Fig. 17 . As expected, the systems designed for a nominal cell temperature of 60°C have a higher energy yield than the systems designed for 80°C. This increase ranges from 1.8% (Granada) to 2.2% (Solar Village) for the concentration of 500 Â , and from 1.6% (Granada) to 1.9% (Solar Village) for the concentration of 1000 Â . The slightly lower enhancement with increasing concentration is produced by the reduction of the temperature coefficient (see Table 9 ) of maximum power as a function of concentration. This effect is also observed when comparing the impact of cell temperature on the power output between the systems operating under 500 Â and 1000 Â shown at the bottom of Fig. 16 . It is worth mentioning that the procedure above estimates the DC energy of a concentrator from the properties of the MJ solar cells and optical devices used. The DC and AC energy yield of a whole HCPV system (i.e. modules, tracker, inverter and other balance of system components) can also be calculated from the rated power of the modules and by considering the electrical configuration of the system, as discussed in the literature [74] . This would allow the extension of the analysis performed in this section, in terms of the energy yield of a complete HCPV system, to be carried out.
The cost of cooling for the four scenarios and two cell areas has been estimated from the predicted values of energy yield and are plotted in Fig. 18 and Fig. 19 from:
where N is the useful life of the HCPV system, its value taken as 30 years in this analysis as previously discussed [23] . As can be seen, the cost of the cooling increases with concentration ratio and cell sizes. This is consistent with the results previously found and plotted in Fig. 15 . Fig. 20 shows the relationship between the cost of the cooling for the system designed for 80°C and 60°C. An LM heat sink designed for a nominal cell temperature of 80°C has a material cost per unit of energy generated by the system which is between 50% and 70% less expensive than that required by an LM heat sink designed for 60°C (Fig. 20) . These percentages are enhanced at higher concentrations, where they are limited by the size of the cell. This enhancement is the result of the higher cost of the heat sink per unit power versus concentration (see Fig. 15 ), as well as the lower energy increase by reducing the cell operating temperature (as a function of concentration). The outcome of the research presented here would then suggest limiting the dimensions of the cooling system at high concentrations. Oversizing the heat sink would lead to a strong increase in installation costs. It is important to note that the increase in the cost of the heat sink per unit power for the system designed for 60°C and 80°C is significantly higher than the error of the procedure used to estimate the energy yield of the systems. Hence, the impact of the uncertainty of the method described above for the prediction of the Table 9 Temperature coefficients (γ) of the maximum power for the two concentrations levels investigated [67] .
Concentration
Temperature coefficient of maximum power (%/K) 500 À 0.13 1000 À 0.11 annual energy harvested is not expected to have a relevant impact on the results found in this study. The present work only took into account the material cost of the heat sinks, because the capital costs required by the fabrication are strictly related to the number of heat sinks. Therefore, the cost of the heat sink varies from case to case, depending on the geometry, the number of items produced and the materials. Designers can perform similar analysis to identify the optimal cooling system for each HCPV application and production volume. The aim of the present research is to contribute to the design of appropriate cooling systems and to determine limits and costs of passive cooling for HCPV applications. Further studies are recommended, to understand the effects of the heat sink size and performance on the levelised cost of electricity (LCOE) and to extend the range of materials, cell sizes and concentration studied in this investigation.
Conclusions
The main aim of the present work has been to investigate performance and costs for a passively cooled, single cell HCPV receiver whose concentration range is between 100 and 1000 Â . In this light, optimized air-cooled heat sinks have been modelled and investigated. It has been found that aluminium performs better than copper as a heat sink material in terms of weight and costs. Despite the slightly higher volumes, under the same concentration and for the same conditions, the heat sinks made of aluminium would have lower weights and result in lower costs than those made of copper. This result is justified by the higher density and cost per unit of mass of copper compared to aluminium and to the similar thermal performance possessed by the two materials. In the present work, optimized finned heat sinks made of aluminium have shown the ability to keep a 3 mm Â 3 mm cell temperature below 60°C and 80°C degrees under standard conditions at 1000 Â with material costs of 0.57 $/W p and 0.18 $/W p , respectively. Moreover, the reduction in size of the cells leads to a better thermal management of the systems. It has been found that a flat heat sink would be sufficient to cool a 0.25 mm-sided cell under high concentrations levels. So, the miniaturization of the cell, currently pursued by the academic community and industry, is Fig. 17 . Annual energy yield per unit of power by the HCPV systems for the three locations considered. Note that the annual energy yield is independent of the area of the cell, since the energy is given per unit of power of the concentrator (kWh/kW p ). Scenarios are described in Table 7 . Extruded aluminium LM heat sinks have been considered. Frenchman Flat (USA) Fig. 18 . Cost of the extruded aluminium LM heat sink per unit of energy produced by the HCPV system in 30 years by a 10 mm Â 10 mm cell. The cooling cost per unit of energy is reported in USD cents per kWh (c$/kWh). The scenarios are described in Table 7. strongly recommended, especially, given the interest in ultra-high concentrator systems. Additionally, increasing concentration values have been found to increase the heat sinks cost per unit of power installed and energy produced. The cost of a heat sink able to cool a 3 mm Â 3 mm cell at 1000 Â is almost double than that used at 500 Â . The energy yield of HCPV systems cooled using passive heat sinks with flat and finned geometries and made of Cu or Al materials has provided useful insights. Due to the small temperature coefficients of multijunction cells, the increase in the cost per unit of energy of a better-performing heat sink can be larger than the improvement in energy production obtained (compared to a lower-performing heat sink). This means that developing oversized heat sinks would lead to a percentage increase in cost higher than that in energy production, and that smaller heat sinks should be generally preferred.
In the present work, a simple rectangular plate-fin geometry has been considered. Many different geometries have been proposed and explored experimentally and should be investigated in future work in order to explore further increases in the thermal performance of the heat sinks per unit of mass. Despite the better performance offered by aluminium, it is important to remark that copper has a higher thermal conductivity than aluminium and, for this reason, it can spread heat across the heat sink in a more uniform way. The LM approach does not take into account the distribution of heat across the fin base, which becomes particularly important in practical implementations of HCPV, where the generation of heat is concentrated on a surface much smaller than the heat sink. This phenomenon should be considered in future work. Fig. 19 . Cost of the extruded aluminium LM heat sink per unit of energy produced by the HCPV system in 30 years by a 3 mm Â 3 mm cell. The cooling cost per unit of energy is reported in USD cents per kWh (c$/kWh). The scenarios are described in Table 7 . Fig. 20 . Reduction in the cost of the extruded aluminium LM heat sink material per unit of energy produced between systems designed for 80°C and 60°C. Relation (A/B) expresses the reduction in cost per unit of energy obtained when a heat sink for a 500 Â HCPV system is designed for 80°C, instead of 60°C. Similarly, Relation (C/D) expresses the reduction in cost per unit of energy obtained when a heat sink for a 1000 Â HCPV system is designed for 80°C, instead of 60°C.
